Arterial blood levels of lactate and pyruvate and the production of excess lactate were studied in two groups of patients. One group of ten patients was anaesthetized with <1 per cent halothane, nitrous oxide and oxygen and allowed to breathe spontaneously. The second group of twelve patients was anaesthetized with nitrous oxide and oxygen, and additional trichloroethylene or papaveretum, and deliberately hyperventilated. No significant changes were found in lactate or pyruvate during anaesthesia in the first group, but there was a significant increase in the lactate: pyruvate ratio half an hour after recovery from the anaesthetic. Significant excess lactate production occurred during anaesthesia in the second group after hyperventilation had been in progress for half an hour. The excess lactate increased after 1 hour of hyperventilation and further increases were found half an hour after recovery from the anaesthetic. These findings are discussed in relation to the observed changes in blood-gas levels and acid-base balance and to the current knowledge of carbohydrate metabolism.
Arterial blood levels of lactate and pyruvate and the production of excess lactate were studied in two groups of patients. One group of ten patients was anaesthetized with <1 per cent halothane, nitrous oxide and oxygen and allowed to breathe spontaneously. The second group of twelve patients was anaesthetized with nitrous oxide and oxygen, and additional trichloroethylene or papaveretum, and deliberately hyperventilated. No significant changes were found in lactate or pyruvate during anaesthesia in the first group, but there was a significant increase in the lactate: pyruvate ratio half an hour after recovery from the anaesthetic. Significant excess lactate production occurred during anaesthesia in the second group after hyperventilation had been in progress for half an hour. The excess lactate increased after 1 hour of hyperventilation and further increases were found half an hour after recovery from the anaesthetic. These findings are discussed in relation to the observed changes in blood-gas levels and acid-base balance and to the current knowledge of carbohydrate metabolism.
Deliberate hyperventilation is used frequently as an adjunct to neurosurgical anaesthesia and the resultant hypocapnia is known to cause vasoconstriction, particularly in the cerebral vasculature, but also in other tissues (Price, 1960) . It is not yet dear whether the resultant reduction in blood flow is sufficient to cause tissue hypoxia but there is growing evidence to suggest that the brain may be the subject of mild but reversible hypoxia as a result of severe reduction in Pco 3 (Sugioka and Davis, 1960; Gotoh, Meyer and Takagi, 1965; Cohen, Reivich and Greenbaum, 1966) . The measurement of changes in arterial lactate and pyruvate levels and the subsequent calculation of "excess lactate" has been suggested as a means of assessing the adequacy of tissue oxygen supplies (Huckabee, 1958a) . The production of excess lactate measured in the arterial blood suggests a mean body hypoxia: hypoxia in this sense meaning a change of the enzyme systems to a more reduced state such that pyruvate is oxidized to lactate instead of to carbon dioxide and water via the Krebs cycle.
These parameters were measured in two situations commonly found in neurosurgical practice in order to determine whether changes occurred indicating the possibility of tissue hypoxia.
MATERIAL AND METHODS
The two groups of patients studied were :
Group I. A group of twelve patients undergoing craniotomy in whom hyperventilation was used as an adjunct to anaesthesia.
Group II. A group of ten patients undergoing angiography who were allowed to breathe spontaneously during anaesthesia.
Patients. No selection was employed except to eliminate those with active respiratory disease. Further details may be seen in table I.
Anaesthesia. In both groups premedication consisted of atropine 0.6 mg given intramuscularly. Anaesthesia was induced with a sleep dose of methohexitone (60-100 mg) followed by suxamethonium (50-100 mg) to facilitate intubation. Thereafter in group I six patients were transferred directly to a Cape Waine ventilator and pulmonary hyperventilation initiated without delay. In the remaining six patients the effect of the muscle relaxant was allowed to wear off and 
spontaneous respirations returned. In two of these patients stable conditions were obtained with respect to Pco a before samples were obtained, but in the remaining four, conditions were far from stable and spontaneous respiration continued only long enough for samples to be obtained, after which mechanical pulmonary hyperventilation was instituted. Once artificial ventilation was begun relaxation was maintained with repeated doses of tubocurarine and the patients breathed a mixture of nitrous oxide in oxygen, the concentration of oxygen varying between 30 and 50 per cent. In addition six patients were given trichloroethylene in concentrations of 1 per cent or less and the remaining six received papaveretum in repeated small doses.
In group n, following induction, spontaneous respirations were adequate in all within a few minutes and the patients thereafter breathed spontaneously a mixture of nitrous oxide, oxygen (30-40 per cent) and halothane (approx. 1 per cent).
Sampling. In group I (table IT) arterial samples were taken approximately 45 minutes before administration of the anaesthetic while the patient was lying quietly in the ward (A). During the anaesthetic, samples were taken half an hour (c) and 1 hour (D) following the commencement of hyperventilation in all patients and during the period of spontaneous respirations in six patients (B). Sample (c) was taken before craniotomy had started, thus before any surgical trauma. Sample (D) was taken usually during the process of craniotomy or in a few cases after this had been accomplished. In no case was any blood transfused or lost before the 1 hour sample had been taken, neither had there been any fall in systolic blood pressure below 120 mm Hg. The last sample was taken half an hour after recovery from the anaesthetic (E). In group n (table III) two samples, an hour apart, were taken from each patient while resting in the ward prior to administration of the anaesthetic (A, B). The first of these two samples was taken after at least 1 hour's quiet rest to eliminate the effects of muscular activity. Further samples were taken half an hour after the start of anaesthesia (c) and half an hour after recovery from the anaesthetic (D).
Sampling technique. All samples for lactate and pyruvate estimations were withdrawn from the radial or femoral arteries, except in group II where the third sample (c) was obtained from the carotid artery.
Approximately 8 ml of blood was withdrawn through a No. 1 needle into a 10-ml glass syringe and was immediately transferred into a weighed tube containing exactly 8 ml of ice-cold 6 per cent perchloric acid (p.c.a.). The contents of the tube were mixed thoroughly and placed in ice-cold water until analysis. The tube was reweighed and the volume of blood was calculated from the difference in weights. The speed of collection is important as a rapid loss of pyruvate and a concomitant rise in lactate occurs within a short time of bleeding (Huckabee, 1956) . The whole process of sampling by this method took approximately 15 seconds. The accuracy of collection was checked by taking consecutive samples from the same artery into two different tubes. In twenty-five pairs of samples no significant difference was found for lactate and pyruvate levels between the pairs. Samples for blood-gas analysis were taken immediately before or after tie biochemical samples, into heparinized syringes, which were capped and stored in iced water until analysis (Nunn, 1962) .
ANALYSIS
Lactate and pyruvate. Both lactate and pyruvate levels were measured enzymatically using chemicals and assay methods supplied by Boehringer* employing optimal substrate concentration for pyruvate estimations (T.is and Chamberlain, 1967) . The standard deviations for these assays were found to be 0.01 mM/1. for lactate and 0.004 mM/1. for pyruvate. Each sample was assayed in duplicate and standards used to check the method during each set of analyses.
Excess lactate. The following equation was used to calculate excess lactate:
Excess lactate=(Ln-Lo)-(Pn-Po) Lo/Po where Lo and Po=control values of lactate and pyruvate respectively and Ln and Pn = experimental values for lactate and pyruvate respectively (Huckabee, 1958a) .
Blood gases. Po 2 was measured using a polarograph electrode (prototype model 19180); pH using a capillary electrode (model SHH 33); Pco 3 using the Severinghaus Pco 2 electrodef (Model 9987100). Corrections were made for the patients' axillary temperature using the Severinghaus blood-gas calculator (Severinghaus, 1966) , and this instrument was also used to calculate standard bicarbonate and base excess. Hb was measured in each case.
The minute volume was calculated from the ventilator settings of tidal volume and respiratory rate.
Statistical comparisons: Group I. The preanaesthetic readings (A) were taken for each patient as the control readings for comparison with each subsequent reading and the calculation of excess lactate. Group II. Statistical comparison was made between the two pre-anaesthetic readings (A, B) to establish the stability of the conditions under study. All subsequent statistical evaluations and the calculations of excess lactate were made using the second of the two pre-anaesthetic readings (B). Results were considered significant if P<0.05 as calculated by Student's t test for correlated series.
* Boehringer Corporation (Lond.) Ltd., Bilton House, Uxbridge Road, London, W.5. t E.I.L.-Electronic Instruments Ltd., Richmond, Surrey.
RESULTS (TABLES II AND III)
Blood gases.
Group I. Mean Pao 3 was 73 mm Hg preanaesthetically and rose to expected levels during anaesthesia. Pa Oj levels half an hour after recovery showed no consistent trend. The Pa<x>i was significantly reduced from a pre-anaesthetic mean of 38.2 mm Hg to means of 29.1 and 26.7 mm Hg after a half and 1 hour of hyperventilation, and had returned to normal levels half an hour after recovery. Thus the degree of hyperventilation was mild. pH reciprocated these changes in Paoo 2 and base excess was not altered during anaesthesia although it was significantly reduced half an hour after recovery.
Group II. No significant changes occurred during the pre-anaesthetic control period in the blood gases and pH, indicating the stability of the conditions under study. Paoi levels were satisfactory during anaesthesia but showed a small but significant fall half an hour after recovery from the anaesthesia compared with pre-anaesthetic controls. Changes in Paooj, pH and base excess indicated a small but significant trend to a respiratory acidosis during anaesthesia but a return to the pre-anaesthetic state occurred half an hour following completion of the anaesthetic.
Lactate and pyruvate.
Group I. Lactate levels did not change during spontaneous respiration but were significantly increased after half and 1 hour of hyperventilation, and also half an hour after recovery. Pyruvate values did not alter significantly at any time. The lactate: pyruvate ratio and excess lactate rose significantly after naif and 1 hour of hyperventilation and half an hour after recovery from the anaesthetic.
Group II. All parameters were unchanged by the procedure except for the lactate: pyruvate ratio and the excess lactate which were significantly raised half an hour after recovery from the anaesthetic.
DISCUSSION
In group I significant production of excess lactate occurred both during and after the anaesthetic. The interpretation of this finding during anaesthesia has been fully discussed elsewhere (Chamberlain and Lis, 1968) . A number of possibilities arise:
Hypoxia, Hypoxia is known to result in the production of excess lactate (Huckabee, 1958b) . No fall in blood pressure or Pao, occurred in the patients investigated and none were rendered anaemic by blood loss. Vasoconstriction resulting from hypocapnia may have been responsible by reducing the blood supply critically. Sykes and Cooke (1965) deliberately produced hypocapnia during anaesthesia and measured lactate and pyruvate levels before and after reduction of Paooj. Their results did not reach levels of significance but did suggest a trend towards excess lactate production at low Pa<x>, levels. The inconsistency of their results was possibly due to their method of collection of samples which may not have been sufficiently accurate, or to their method of estimating pyruvate which is now known to be potentially inaccurate (Lis and Chamberlain, 1967) . However, Cohen and associates (1964) did not demonstrate any tendency to arterial excess lactate production in healthy volunteers rendered hypocarbic by hyperventilation during halothane anaesthesia. Studies of a different kind (Gotoh, Meyer and Takagi, 1965; Cohen, Reivich and Greenbaum, 1966; Alexander et al., 1965) have shown quite clearly that hypocapnia not only produces marked cerebral vasoconstriction but may also result in a mild reversible tissue hypoxia. Cain (1962) in dogs, and Cohen and associates (1964) and Alexander and associates (1965) in humans, were unable to demonstrate changes in lactate and pyruvate levels in cerebral venous blood indicative of hypoxia during hypocapnia. However, as Alexander and associates (1965) pointed out, it appears that these parameters may not be the most sensitive indicators of tissue hypoxia. Although the present observations were made on arterial blood and therefore represent a mean body change, the demonstration of significant accumulation of excess lactate assumes greater importance in view of the relative insensitivity of the method in showing tissue hypoxia. The failure to demonstrate excess lactate production in the patients in group II in whom hyperventilation was not used, and in group I in those breathing on their own, adds support to the possible relationship between hypocapnia and tissue hypoxia.
Vasoconstriction might also result from catecholamine release and, in addition, Greene (1961a) has argued that an increase in the metabolic rate may also occur, causing a relative oxygen lack. Catecholamine release may be caused by the anaesthetic technique or by surgical trauma, the latter only being operative after 1 hour of hyperventilation. Greene (1961b) demonstrated that infusions of adrenaline in humans caused excess lactate production. However, anaesthesia is associated only with noradrenaline release (Price et al., 1959) and it seems unlikely that this causes major changes in lactate and pyruvate values (Hagen and Hagen 1964) . It nevertheless remains possible that hypoxia, secondary to noradrenaline release, was the mechanism responsible for the changes found in the present series.
Changes in blood pH. (dark, 1952, 1960) . However, in vivo, the situation is far from predictable. Theoretically, in the present study, group I with an alkalosis should not have produced excess lactate and in group II with an acidosis should have produced excess lactate. However, the reverse of this prediction occurred. Tobin (1964) has demonstrated the unpredictable nature of the changes in lactate and pyruvate following changes in hydrogen ion concentration. Thus it is impossible to say whether the changes observed in die present series of patients were the result of pH changes. Uncoupling of oxidative phosphorylation. This has been shown to be caused by some anaesthetics in vitro (Brody and Bain, 1954) and was at one time thought to be a possible mechanism in the production of anaesthesia. It has been suggested that uncoupling may be responsible for the production of excess lactate under conditions of adequate oxygenation (Olsen, 1963) . At the moment this remains an interesting speculation.
Lactate metabolism. It is possible mat alterations in the metabolism of lactate or pyruvate may be responsible for the results obtained. For example, a reduction in hepatic blood flow, such as is known to occur in dogs when rendered hypocapnic, might lead to a reduced extraction of lactate or an increased uptake of pyruvate by the liver. It has recently been shown that this is the case (Zborowska-Sluis and Dossetor, 1967) , but these authors were only able to account in this way for a certain proportion of the observed increase in lactate. They made the interesting suggestion that the increase of lactate during hypocapnia was an effect of the lowered Pco a on the red cells enhancing glycolysis. They supported this observation with in vivo studies demonstrating the accumulation of excess lactate in the absence of an oxygen debt and also by in vitro studies on red cell metabolism.
The large increases found in excess lactate in the recovery period may have a number of causes. Pao, levels were generally satisfactory and Paoo a levels were all normal, thus eliminating this factor as a cause of vasoconstriction. The effect of residual anaesthetic is probably minimal, although catecholamine release may be of importance at this stage. The reopening of previously poorly perfused areas may be responsible for eliminating large quantities of lactate sequestered there by sluggish blood flow during the anaesthetic. These results may therefore indicate preceding hypoxia (Robinson, 1966) . Finally these patients were often cold and some were prone to shiver; this increase of muscular activity may have been responsible for the observed changes in excess lactate.
The changes in blood-gases in group I were unexceptional. The observation that base excess did not alter significantly during anaesthesia is in accordance with the findings of Sykes and Cooke (1966) , although as they point out this observation is at variance with those of previous authors. A significant base deficit occurred on recovery from the anaesthetic, probably reflecting the increase in lactate.
In group II, the present results essentially confirm the work of Lowenstein and Clark (1964) on the effect of halothane anaesthesia on lactate and pyruvate metabolism in which they found no changes indicating tissue hypoxia. It also confirms their observation that there is not necessarily a fall in lactate: pyruvate ratios (L/P) in unanaesthetized subjects resting quietly. However, conditions in a neurosurgical ward are probably not as peaceful as in a laboratory and this may explain our failure to observe the fall in L/P ratios found by Huckabee (1958a) .
The changes in blood-gases and acid-base balance are similar to those reported by other workers (Payne and Conway, 1966) . The results emphasize the frequent occurrence of hypoxia even after the simplest of anaesthetic procedures. The degree of hypoxia is mild, however, and is probably only of potential importance in the elderly and in those with pre-existing respiratory disease. These results also show that the production of a respiratory acidosis is not necessarily associated with significant production of excess lactate; thus it seems less likely that this can be invoked as the cause of the difference found between the results of Greene (1961a) and Price and colleagues (1966) during cyclopropane anaesthesia.
In conclusion, these results show that the commonly used anaesthetic technique employing nitrous oxide and oxygen and halothane with spontaneous respiration is not associated with any changes in lactate and pyruvate metabolism indicative of hypoxia. The observations of raised lactate : pyruvate ratios after recovery from the anaesthetic are unexplained. On the other hand, when the anaesthetic technique includes pulmonary hyperventilation it has been shown that it is associated with changes in lactate: pyruvate ratios, and production of excess lactate, which could be due to hypoxia.
